Rising populations around coastal systems are increasing the threats to marine water quality. To assess anthropogenic fecal influence, subtidal waters were examined monthly for human-and ruminant-sourced Bacteroidales markers at 80 sites across six oceanographic basins of the Salish Sea (Washington State) from April through October, 2011. In the basins containing cities with individual populations >190,000, >50% of sites were positive for the human marker, while in the basins with high densities of dairy and cattle operations, ∼30% of sites were positive for the ruminant marker. Marker prevalence was elevated in spring (April and May) and fall (October) and reduced during summer (June through September), corresponding with seasonal precipitation. By logistic regression, the odds of human marker detection increased with percentage of adjacent catchment impervious surface, dissolved nitrate concentration, and abundance of low nucleic acid bacteria, but decreased with salinity and chlorophyll fluorescence. The odds of ruminant marker detection increased with dissolved ammonium concentration, mean flow rate for the nearest river, and adjacent shoreline length. These relationships are consistent with terrestrial to marine water flow as a transport mechanism. Thus, Bacteroidales markers traditionally used for identifying nearby sources can be used for assessing anthropogenic fecal inputs to regional marine ecosystems.
INTRODUCTION
Coastal marine waters of the USA are recipients of runoff and wastewater effluent from adjacent lands. Human activities and land use can dramatically affect marine water quality through discharge of chemicals, changes in physical qualities (e.g., temperature), or release of biological products such as feces. The US portion of the Salish Sea in northwestern Washington State encompasses coastal waters extending over 280 km in length and more than 4,000 km of shoreline, and a substantial portion is contained in the largest fjord in the continental USA, Puget sources of fecal contamination through programs such as the Clean Beaches Initiative (http://www.waterboards.ca. gov/water_issues/programs/beaches/cbi_projects/) to develop standardized protocols for sampling, analyses, and interpretations (Griffith et al. ) .
Although determining the source of fecal material for regulatory purposes can rely on culture-based methods In 2011, we undertook an extensive survey of neritic subtidal water quality as part of a larger assessment of the pelagic ecosystem in the US portion of the Salish Sea. In addition to collecting and analyzing environmental DNA from subtidal water for the presence of human and ruminant Bacteroidales markers, we collected physical oceanographic measurements (e.g., temperature, salinity, pH) and analyzed for dissolved nutrients (e.g., nitrate, phosphate). Eighty sites distributed over six oceanographic basins were chosen to represent a range of adjacent land uses and geomorphic types. The occurrence of the Bacteroidales signal was then modeled with calculated land use parameters and a suite of biological, chemical, and physical variables that were measured at sample collection. Our findings demonstrate that this approach can provide evidence for anthropogenic effects in subtidal locations that are reflective of land uses, and that fecal source tracking may serve as a useful monitoring indicator. Descent and ascent rates were approximately the same at 0.3 m s À1 , and measurements were collected, processed, and then binned into 0.5 m increments (Sea-Bird SBE Data Processing Software, V 7.23.1). the human marker and 6.6% for the ruminant marker. The no template and blank controls consistently generated no C q .
MATERIALS AND METHODS

Field sites and site-associated information
Nutrient and microbial abundance analyses
Statistical analyses
Deviance goodness-of-fit tests were conducted for the Bacteroidales signal among basins and sampling month.
Differences in the proportion of signals for a given month or site were defined as statistically significant from the over- 
RESULTS
Quantitative abundance and distribution of Bacteroidales markers
The mean copy numbers of targets per 100 mL of seawater were relatively low for both markers. The mean for the human marker was 18 copies per 100 mL For the microbial variables, the odds of detecting the human marker increased 2% as concentration of low nucleic acid bacteria rose by 10 5 cells mL À1 , while detection odds decreased by 63% for each increase in chlorophyll fluorescence units (Table 1) . This model had a positive Recognizing that stepwise procedures may mathematically remove variables with high covariation, we also tested variables that were not retained in the best regression models for an association with the occurrence of the human or ruminant Bacteroidales markers. Precipitation and the percentage of impervious area in the adjacent catchment area was significantly higher at sites where either marker was detected (Table 2) . For the human marker, the percentage of shoreline that was developed or impervious and the concentration of dissolved oxygen was higher at positive sites, but pH and microbial heterotrophic production were lower at positive sites. For the ruminant marker, dissolved oxygen concentrations were lower at positive sites (Table 2) . We were able to identify statistically significant environmental associations with Bacteroidales markers. Seasonal variation influenced both target copy number (Figure 2) and the proportion of positive sites (Figure 4 ), suggesting environmental drivers or contributors. From 1991 to 2011, mean monthly rainfall in the Puget Sound lowland region was lowest in August (9 of 20 years, NOAA National Climatic Data Center), and the pattern of monthly precipitation reflected the prevalence patterns for both markers (Figure 4 ). The 7-day cumulative precipitation at the nearest USGS station for each site was higher at positive sites for each marker (Table 2 ), suggesting that rainfall is an important component of the appearance of either marker in subtidal waters. Impervious surface, either as a percentage of the catchment area or shoreline buffer or as the actual area of the catchment, was associated with marker detection (Tables 1 and 2) . Rainfall contributes to terrestrial run-off, and impervious surfaces increase both the rate and volume of run-off. Thus, rainfall is a likely driver for the monthly effects and the effects of impervious surface, salinity, and mean river flow detected by the logistic regression analyses (Table 1 ) and parameter comparisons (Table 2) .
DISCUSSION
For the ruminant marker, transport by river may be as important as direct run-off for mobilizing fecal material into Puget Sound. The odds of detecting the ruminant marker increased with increases in the mean river flow rate (Table 1) , and positive sites had greater percentages of impervious surface in the associated catchment (Table 2) , which contribute to run-off and stronger terrestrial flow to marine waters. Distances between terrestrial sources and sampling sites can be large (tens of kilometers) and dilution by marine water volumes and tidal fluxes may contribute to small odds ratios for mean river flow rates ( Table 1) . The ∼40% increase in odds of detecting the ruminant marker with increasing ammonium concentration and the lower dissolved oxygen at positive sites suggests a physical association with unprocessed waste, which could move quickly from an originating site into marine waters by riverine transport. Alternatively, source sites located close to marine waters could directly discharge waste, a possibility that is consistent with the increased odds of detection at sites with greater shoreline length (Table 1) . 
CONCLUSIONS
The Salish Sea is a coastal waterway system that spans two countries and contains the largest fjord in the continental USA. Immigration to the region surrounding the Salish Sea is placing pressure on marine water quality, and major efforts are underway to reduce or mitigate human impacts.
Fecal contamination is one of the oldest effects of humans on water quality, and this study found evidence of anthropogenic fecal contamination in pelagic subtidal locations that are not proximal to obvious point sources. Both land use factors, such as impervious surface or developed shoreline, and seasonal factors, such as precipitation and river flow rate, are implicated as possible sources or transport mechanisms for Bacteroidales source markers to deeper waters.
Additional contributory factors such as elevated nitrate or ammonium concentrations suggest partially treated or untreated sources, while lower salinity and pH are consistent with a freshwater influence. Although this type of survey is not designed for identifying specific geographic origins of contamination, it demonstrates that host source tracking markers can be applied as indicators for monitoring regional shifts of anthropogenic fecal inputs into the Salish Sea.
